Introduction: Pain is a common and debilitating comorbidity of metastatic breast cancer. The hippocampus has been implicated in nociceptive processing, particularly relating to the subjective aspect of pain. Here, a syngeneic mouse model was used to characterize the effects of peripheral tumors on hippocampal microglial activation in relation to cancer-induced pain (CIP). Materials and methods: Mice were systemically treated with the colony-stimulating factor 1 receptor inhibitor Pexidartinib prior to intrafemoral (IF) or subcutaneous 4T1 carcinoma cell inoculation. Spontaneous and evoked nociceptive responses were quantitated throughout tumor development, and contralateral hippocampi were collected via endpoint microdissection for RNA analysis. Additionally, IF tumor-bearing animals were sacrificed on days 5, 10, 15, and 20 post 4T1 cell inoculation, and brain sections were immunofluorescently stained for Iba1, a marker of activated microglia. Results: Ablation of these neuroimmune cells with the CSF1R inhibitor Pexidartinib delayed the onset and severity of cancer-induced nociceptive behaviors in IF tumor-bearing animals, adding to the body of literature that demonstrates microglial contribution to the development and maintenance of CIP. Furthermore, in untreated IF tumor-bearing mice, nociceptive behaviors appeared to progress in parallel with microglial activation in hippocampal regions. Immunofluorescent Iba1+ microglia increased in the dentate gyrus and cornu ammonis 1 hippocampal regions in IF tumor-bearing animals over time, which was confirmed at the mRNA level using relevant microglial markers. Conclusion: This is the first experimental evidence to demonstrate the effects of peripheral tumor-induced nociception on hippocampal microglial activation. The increase in hippocampal microglia observed in the present study may reflect the emotional and cognitive deficits reported by patients with CIP.
Introduction
Pain is a complex, heterogeneous, and subjective phenomenon resulting from integration of sensory, affective, and cognitive experiences. A growing body of literature suggests that chronic pain conditions may be linked to aberrant functioning of neuroimmune circuits implicated in mood and motivation. The hippocampus is involved in multiple cognitive and emotional processes, including the initiation and maintenance of anxiety and depression. 1, 2 Clinical studies suggest that such mood conditions are among the factors that prevent recovery from pain, and may significantly reduce the efficacy of analgesic agents. 3 Accordingly, development of pharmacologic interventions for the treatment of chronic pain ought to extend beyond circuits which control sensory trans-mission, to those which mediate affect. That is, pharmacologic interventions should not only target sensory transmission but should encompass the perceptive pathways involved as well. It is important to consider pathways implicated in the cognitive and affective aspects of pain processing in parallel with ascending and descending sensory pathways in the development of cancer-induced pain (CIP) therapeutics.
Emerging evidence suggests that the hippocampus may be involved in nociceptive processing, particularly with respect to the affective aspect of pain perception. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The inflammatory response within the hippocampus has been implicated in the perception of pain 15 through the processing and modification of nociceptive stimuli. [16] [17] [18] Several experimental studies have found that direct manipulation of the hippocampus alters nociceptive behavior. For example, hippocampal manipulation has been shown to alter the perception of noxious stimuli: lesion to the ventral hippocampus partially alleviates acute thermal and mechanical nociception in rat pups and adults, 5 while direct injection of the local anesthetic and sodium channel blocker lidocaine to the dentate gyrus (DG) region of the hippocampus produces analgesia. 9, 14 Our lab recently developed a validated murine model of cancer-induced depression (CID) using 4T1 carcinoma cells, in which subcutaneous (SC) tumor burden was associated with increased depressive-like symptoms. 19 RNA-sequencing and real-time RT-PCR analysis of hippocampi revealed considerable overlap between cancer-induced and positive control corticosterone-induced depressive states. 20 Several of the validated hippocampal mRNA targets associated with the depressive-like state in tumor-bearing mice were ionotropic and metabotropic glutamate receptors (GluRs) and glutamatergic modulators, 20 many of which are expressed or secreted by microglia (reviewed in Murugan et al 21 ).
In the healthy nervous system, the resident immune cells microglia have a highly branched morphology and a downregulated phenotype. Upon activation, microglia release pro-inflammatory cytokines, including interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) (reviewed in Hanisch 25 ). However, rising attention is given to chronically activated microglia, which release substances inherent to several neurodegenerative disorders, leading to cytotoxicity and neuronal degeneration (reviewed in Tang and Le   26 ). Although a complex process, microglial activation may be simplified to the classically activated M1 and alternatively activated M2 states. Thus, M1 microglia, activated by lipopolysaccharide or the pro-inflammatory cytokine interferon-γ, express antigens including CD68 and CD86, and produce high amounts of oxidative metabolites and pro-inflammatory cytokines. M2 microglia possess antiinflammatory properties, express CD206 and arginase, and promote tissue repair and angiogenesis. 22 In animal models of pain, however, this simplified M1/M2 classification may be insufficient, with several intermediate phenotypes present, causing a shift in the M1/M2 balance. 23 In the present study, microglial activation was morphologically characterized by immunohistochemical quantification of ionized calciumbinding adapter molecule 1 (Iba1). Iba1 is a protein expressed by microglia, plays a role in their functional regulation, and is particularly relevant during their activation. 24 Mounting evidence suggests that the immune response may play a significant role in the development of CIP. [27] [28] [29] [30] The present study was designed to further assess the role of the neuroimmune response within the hippocampus in relation to cancer-related nociception. Here, we present data that illustrate the role of hippocampal microglia in the development of tumor-related nociception using a validated murine model of CIP. 31 Spontaneous and evoked nociceptive responses increased following tumor progression. Immunofluorescent and transcript evidence of microglial activation paralleled development of tumor-induced nociception, and pharmacological microglial inhibition with a colony-stimulating factor 1 receptor (CSF1R) inhibitor attenuated CIP.
Materials and methods cell culture
4T1 triple-negative murine mammary carcinoma cells (American Type Culture Collection, Manassas, VA, USA) were selected as an analog to aggressive triple-negative human breast cancer, such as the MDA-MB-231 cell line. Cells were maintained in high glucose RPMI (Life Technologies, Carlsbad, CA, USA), supplemented with 10% FBS and 1% antibiotic/antimycotic (Life Technologies), incubated at 37°C and 5% CO 2 , and verified to be mycoplasma free before experimental use.
crystal violet
To assess potential off-target growth effects of the drug on tumor cells, the selective microglial inhibitor Pexidartinib (PLX3397; Plexxikon Inc, Berkeley, CA, USA), a validated inhibitor of microglial CSF1R, 32 was dissolved in dimethyl sulfoxide (DMSO) for preparation of a 100 mM stock. 4T1 cells were seeded at 5×10 3 cells/well in 96-well plates, treated with serial dilutions of Pexidartinib (0.01-100 ng/mL), dissolved in DMSO (maximum final concentration: 0.1%) or 0.1% DMSO alone (vehicle control) for 24 hours, fixed with 10% neutral buffered formalin and quantified using 0.1% 
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Crystal Violet stain in 80% EtOH based on a standard curve for 4T1 cells. Absorbance was read on an optical plate reader (BioTek) at λ=570 nm and expressed as a fold change relative to naïve control wells on the same experimental plate.
Mice
Female BALB/c mice (Charles River Laboratories) aged 4-6 weeks upon arrival were provided ad libitum access to food and water and group housed in cages maintained at 24°C with a 12-hour light/dark cycle. Mice were randomly assigned to treatment groups: 
experimental design
Our validated syngeneic mouse models of metastatic IF 31 and SC 19 cancer were utilized to characterize the effects of the CSF1R inhibitor Pexidartinib on tumor burden and tumor-induced nociception in vivo. Experimentally, naïve immunocompetent mice (N=46) were inoculated with either 2×10 4 4T1 cells or frozen/heat killed 4T1 cell sham controls (n=8) percutaneously into the right distal femur (n=28) or subcutaneously at the right hind limb, lateral to the pelvic-hip joint (n=10) to establish tumors. Animals were systemically treated with the CSF1R inhibitor Pexidartinib administered in pre-absorbed standard rodent chow or control chow for 3 weeks prior to 4T1 cell inoculation through to experimental endpoint. The behavioral timeline is detailed in Figure 1 .
The progression of spontaneous and evoked nociception pre and post IF and SC 4T1 cell inoculation was monitored. A blinded experimenter performed all behavioral testing during the animals' light cycle. Animals were randomly assigned to systemic therapies (Pexidartinib or control chow), were acclimated to the behavioral testing environment and equipment 1 week prior to commencing data recording, and tested twice weekly for the duration of the experiment. Three behavioral tests were performed prior to experimental day 0, which served to establish a stable baseline for the animals' normal locomotive and nociceptive behavior; results are expressed for each animal as a percentage of these baseline scores. A selection of tests for spontaneous and evoked nociception was used to monitor nociceptive responses with tumor progression: Spontaneous Guarding, Limb Use, and dynamic plantar aesthesiometer (DPA; Ugo Basile, Comerio, Italy).
spontaneous nociception
Open Field tests, including time spent spontaneously guarding the affected limb and scored limb use, were used to visually assess ongoing and ambulatory nociception using formerly validated tests. 31, 33 The time (s) spent spontaneously guarding the tumor-bearing hind paw was interpreted as representative of ongoing nociception and was recorded during a 2-minute open field observation period using a stopwatch. Guarding time was defined as the time the hind paw was held aloft while ambulatory. During the 2-minute spontaneous ambulation period, hind limb use was observed and scored on a scale of 4-0: 4 -normal use; 3 -pronounced limp; 2 -limp and guarding behavior; 1 -partial nonuse of the limb in locomotor activity; and 0 -complete lack of limb use. 
1006
Miladinovic et al evoked nociception
The DPA test, a semi-automated version of the classic von Frey test, 34 was used to quantitate mechanical allodynia and hyperalgesia. A normally non-nociceptive mechanical stimulus was presented individually to the plantar surface of the hind paws and the threshold force and time at which the paw was withdrawn were recorded on a computer. A metal filament raised by an electrical actuator with variable force and acceleration provided the tactile stimulus. Contralateral hind paws served as a control specific to each animal.
Transcardial perfusion and tissue collection
Throughout tumor development, animals were monitored daily for limb use, overall health status, and body weight. For immunofluorescent histological analysis and quantification of activated hippocampal microglia, untreated and Pexidartinib-treated IF tumor mice and sham controls were sacrificed by transcardial perfusion on day 5, 10, 15, or 20 post 4T1 cell inoculation (n=4/day). Animals were sacrificed under sodium pentobarbital anesthetic (90 mg/kg, i.p.) and perfused with 100 mL of PBS, immediately followed by 100 mL of cold 4% paraformaldehyde (PFA; pH 6.9). Whole brains were dissected, post-fixed in 4% PFA for 48 hours, and paraffin-embedded for immunofluorescent analyses; tumorbearing femurs and surrounding tissues were post-fixed in 4% PFA until radiographic analysis.
For RNA investigation, whole brains were immediately dissected on a chilled, RNase-free dish, and preserved in RNAlater Solution (Invitrogen, Carlsbad, CA, USA) at 4°C for 24 hours, and then at -80°C. Each brain was microdissected under stereoscopic microscope to isolate contralateral hippocampi under chilled, RNase-free conditions; the contralateral hemisphere was separated, the cerebellum was removed, and remaining tissue was adjusted with the medial side facing up. Tissue covering the medial surface of the hippocampus was removed using a dissection spatula by inserting below the corpus callosum. The thalamus, septum, and underlying striatum were discarded to clearly reveal the hippocampus. Using forceps to secure the cerebral cortex, a spatula was placed under the ventral part of the hippocampus. Finally, the structure was rolled out to separate the hippocampus from the rest of the cortex. Microdissection technique is detailed in Figure 2 .
Radiographic analysis
Radiographic analysis was used to establish the extent of bone degradation in hind limbs, indicative of tumor invasion. Radiographs were scored on a scale of 0-3: 0 -normal bone, no visible lesion; 1 -minor loss of bone density, minimal lesion; 2 -moderate to substantial loss of bone density, lesion limited to bone trabecula and cortex; 3 -substantial loss of bone density, lesion includes clear periosteal involvement or fracture (see scale development in Ungard et al 35 ).
hematoxylin and eosin
Tumor-bearing hind limbs were stained to confirm the degree of IF tumor in animals that demonstrated lytic lesions on X-rays. Following decalcification in 10% EDTA for 14 days, femurs and surrounding tissues were paraffin-embedded, sagittally sectioned at 5 µm, stained with hematoxylin Figure 2 hippocampal microdissection methodology. Notes: Following cervical dislocation, contralateral hippocampi were immediately collected by microdissection: contralateral hemisphere was isolated and cerebellum was removed (A), remaining tissue was flipped with medial side facing up (B). Tissue covering the medial surface of hippocampus was removed using dissection spatula (spatula was inserted below corpus callosum; thalamus, septum, and underlying striatum were discarded to clearly reveal hippocampus) (C). Using forceps to secure cerebral cortex, spatula was placed under the ventral part of the hippocampus, and tissue was rolled out to separate the hippocampus from the cortex (D). 
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Immunofluorescence
Brains were coronally sectioned at 5 µm, slide-mounted, rehydrated, and exposed to antigen retrieval in EDTA (pH 8, 95°C) for 20 minutes. Tissues were then blocked (Dako protein block) for 2 hours, incubated in respective primary (Wako anti-Iba1, 1:1,000, O/N at 4°C) and fluorescent secondary antibodies (Life Technologies AlexaFluor-488 goat anti-rabbit, 1:500, 2 hours at RT), or direct conjugate primary antibody (c-Fos D1 AlexaFluor 546: Santa Cruz, 1:200, O/N at 4°C), counterstained with DAPI, coverslipped, and imaged using EVOS FL Cell Imaging System at 10× (dry), 20× (dry), and 60× (oil) immersion lenses.
Rna isolation
Isolated hippocampi were dissociated, preserved in RNAlater, and total RNA was isolated from each sample using the RNeasy Kit (Qiagen), as described previously. 20 Briefly, eluates were DNase-treated using the DNA-free Kit (DNase Treatment and Removal Reagents; Ambion) and RNA quality/purity was quantitated using spectrophotometric analysis at OD 260 /OD 280 .
Quantitative real-time PcR (qPcR)
Relative mRNA levels were quantif ied using qPCR, adopted from previous reports. 20 Briefly, cDNA was synthesized from 400 ng total RNA via reverse transcription using Superscript III kit (Life Technologies) and qPCR assays were performed for each target and reference gene per sample with SsoAdvanced Universal SYBR Green Supermix (BioRad). All target and housekeeping gene primers based on sequences specific for Mus musculus were derived from PrimerBank. 36 Official gene symbols, primer sequences (5′ to 3′), respective housekeepers, product sizes, and PrimerBank IDs for target gene products are listed in Table 1 Table 2 . Housekeeper genes were selected based on stringent efficiency testing of each target-housekeeper pair. All primers had an annealing temperature of 60°C. Amplification efficiencies were tested for each primer pair, with efficiency (E) = [10 (−1/ S ) ] -1, and relative quantification analysis of gene expression data was conducted according to the 2-∆∆CT method. 37 
statistical analyses
Two-way (tumor × treatment) repeated measures ANOVA with Bonferroni post hoc planned comparisons were used to assess the effect of treatment on all behavioral outcomes. The DPA force recorded at paw withdrawal was expressed as the mean force of the five measurements collected on each test day and normalized to individual animal's baseline values. A reduction in the force in the tumor-bearing limb relative to baseline was considered evidence of increased sensitivity in that limb manifested as an intentional limb withdrawal from the mechanical stimulus.
Chi-square analysis of the proportion of scores within each treatment group was used to assess radiographic analysis of osteolysis. Immunohistochemical staining of hematoxylin and eosin in hind limbs, and immunofluorescent co-staining of c-Fos and Iba1 at endpoint were qualitatively considered. Immunofluorescent staining of Iba1-positive activated microglia in DG and cornu ammonis 1 (CA1) regions of contralateral hippocampi throughout tumor progression was considered qualitatively and quantitated using Image J software; 38 fluorescence levels were determined using the corrected total cell fluorescence method 39 and frequency distributions at each time point were compared to that of sham controls using the Mann-Whitney U test. qPCR data were analyzed using the 2−∆∆CT method, 37 such that for each of the 14 target genes, the mean ∆CT for the three or four biological replicates in each group being compared was calculated as the mean cycle threshold (CT) of the target gene minus the mean CT of the respective housekeeping gene. For each pairwise comparison, ∆∆CT was then calculated as the mean ∆CT of the experimental group minus the ∆CT of the sham control, and the resulting ∆∆CT value was then converted to 2−∆∆CT; in all pairwise comparisons of interest (IF tumor vs IF tumor + Pexidartinib; IF tumor vs SC tumor; and SC tumor vs SC tumor + Pexidartinib), fold changes were calculated relative to sham control group (n=1). To determine the overall experimental standard error of mean (SEM), SDs derived from the ∆CT values were converted to SEMs, which were used to calculate upper and lower values of 2−∆∆CT. Data bars represent the mean (n=3, SC tumor group; n=4, IF tumor, IF tumor + Pexidartinib, and SC tumor + Pexidartinib groups) biological replicates relative to sham control, with error bars indicating SEM.
All analyses were performed using GraphPad Prism 7.0a software (GraphPad Software, Inc., La Jolla, CA, USA) and GraphPad Quick Cals; α was set at 0.05.
Results
Pexidartinib does not significantly alter tumor cell growth
Treatment with Pexidartinib (0.01-100 ng/mL) for 24 hours did not significantly affect murine 4T1 carcinoma cell number in vitro as measured by crystal violet stain (Figure 3) , suggesting the effects seen in vivo were not attributable to drug effects on tumor cells themselves.
Peripheral tumor increases activated microglia in Dg and ca1
Immunofluorescent staining of Iba1+ cells in the hippocampus demonstrated robust changes in the morphology and number of microglia in the DG and CA1 regions (see Figure  4A ,B for representative images of resting and activated states) over the course of IF tumor development ( Figure 4B-E) . Staining also revealed constitutive expression of Iba1 in sham mice ( Figure 4F) , with unaltered expression phenotype in SC tumor-bearing mice at day 20 ( Figure 4G) , and confirmed the ability of Pexidartinib to reach the intended target and ablate hippocampal microglia in vivo ( Figure 4H ). Serial coronal sections through DG and CA1 regions of the hippocampus were collected (~3 mm posterior to Bregma, as detailed in Figure 4I ). Quantitatively, the presence of peripheral IF tumors was associated with significant increases in activated microglia on days 10, 15, and 20 in DG and days 15 and 20 in CA1 regions ( Figure 4J ). Notes: cells were treated with Pexidartinib for 24 hours. absorbance was read on a spectrophotometer optical plate reader at λ=570 nm, converted to cell number using a standard curve for 4T1 cells, and expressed as a fold change relative to naïve control wells on the same experimental plate. Abbreviation: n.s., not significant. Immunocytochemical staining for Iba1+ cells on whole blood smears from Pexidartinib-treated animals confirmed the ability of the drug to ablate peripheral cells of macrophage linage (data not shown). No differences between sham and tumor-inoculated mice were observed in ipsilateral hippocampi or across prefrontal cortical regions (data not shown), suggesting that brain microgial activation increased in a region-and hemisphere-specific manner. 
Peripheral tumor decreases hippocampal neural activity
Pexidartinib attenuates tumor-induced nociceptive behaviors
IF tumor-inoculated mice demonstrated significantly greater spontaneous nociception relative to sham controls from days 9 and 13 post tumor cell inoculation until endpoint, as measured by Spontaneous Guarding and Limb Use, respectively. Eliminating microglia with Pexidartinib delayed the onset and severity of spontaneous nociception, as demonstrated by recovered limb use and dramatically reduced guarding behavior relative to untreated mice ( Figure 6A ,B, respectively). Similarly, in the DPA, tumor-inoculated mice exhibited significantly greater evoked nociceptive behaviors relative to sham controls from day 9 through endpoint, and ablating microglia with Pexidartinib significantly inhibited tumor-induced behavioral decline, as measured by attenuated hyperalgesia through experimental endpoint (Figure 7 ).
Pexidartinib does not significantly alter tumor invasion
Radiographic analysis confirmed the presence of bone degradation in cancer cell-inoculated mice at endpoint (see Figure 8A -C for representative images); Pexidartinib did not appear to significantly alter the extent of tumor-induced osteolysis (χ 2 =0.896, P=0.484; see Figure 8D ). Hematoxylin 
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Peripheral tumor alters hippocampal mRna
qPCR confirmed the dramatic increase in hippocampal microglia in tumor-bearing animals at endpoint (day 20), as demonstrated across multiple microglial markers at the mRNA level, including AIF1 (Iba1), CD68, and CD11b ( Figure 9A-C) . Furthermore, IF tumor-bearing mice demonstrated greater levels of hippocampal microglial markers at the mRNA level relative to SC tumor-bearing mice, suggesting that the site of peripheral metastasis contributes to microglial activation in the hippocampus. Treatment with Pexidartinib dramatically reduced hippocampal microglia mRNA across both tumor-bearing models ( Figure 9A-C) , confirming the ability of the drug to abolish microglia in vivo. Hippocampal mRNA levels of the toll-like receptor 2 (TLR2) and pro-inflammatory cytokine IL-1β were also affected by peripheral tumor, with increases in hippocampal TLR2 and IL-1β mRNA in IF tumor-bearing mice relative to sham, a trend that was abolished by treatment with Pexidartinib ( Figure 9D,E) . Pexidartinib also slightly reversed marginal IF and SC tumor-induced decreases in c-Fos mRNA ( Figure 9F ).
Several mRNA targets previously reported to be related to cancer-and drug-induced depression were affected by peripheral tumor in the present study, demonstrating parallel outcomes to those previously reported in SC tumor-bearing mice, 20 with these effects being amplified in IF tumor-bearing mice. In particular, GluRs and glutamatergic modulators present on microglia (glutamate ionotropic receptor NMDA type subunit 2C [Grin2c], glutamate ionotropic receptor AMPA type subunit 4 [Gria4], gamma-aminobutyric acid type A receptor alpha 3 subunit [Gabra3], and glutamate metabotropic receptor 4 [Grm4]) were reduced across Pexidartinib-and control-treated IF and SC tumor groups, with the exception of increased Grin2c mRNA in IF tumor-bearing mice relative to sham. Colony stimulating factor 3 Receptor (CSF3r) and transglutaminase 2 (Tgm2) mRNA levels followed a similar pattern across treatment groups, with Pexidartinib abolishing IF and SC tumor-induced increases in mRNA, while gamma-aminobutyric acid type A receptor delta subunit (GABRD) mRNA levels were reduced across all groups relative to sham, and 5-hydroxytryptamine type 2C receptor (Htr2c) mRNA levels were reduced in IF tumor mice, with Pexidartinib reversing this effect (Figure 10 ). Given the relatively small group sizes used in this assay (n=3, SC tumor group; n=4 IF tumor, IF tumor + Pexidartinib, and SC tumor + Pexidartinib groups), no significant differences were observed within secondary mRNA targets (Grin2c, Gria4, Csf3r, Tgm2, Gabra3, Grm4, Gabrd, and Htr2c), and therefore only trends are offered within these planned comparisons. 
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Discussion
In the present study, we have demonstrated that activated Iba1+ microglia increase in the hippocampus as IF tumors progress in our validated murine model of CIP. Furthermore, globally eliminating microglia with the CSF1R inhibitor Pexidartinib delays the onset and severity of spontaneous and evoked cancer-induced nociception, and abolishes various tumor-induced aberrancies in microglia-associated mRNA marker levels within the hippocampus. CSF1R is a key regulator of myeloid lineage cells and is required for microglial survival in the adult brain. Under normal conditions, microglia are the only cell type that express the CSF1R in the brain. 32, 40 Chronic treatment with the CSF1R inhibitor Pexidartinib has been shown to transiently eliminate virtually all microglia in the CNS, with no behavioral or cognitive impairments and without compromise of the blood brain barrier. In the present study, immunofluorescent staining of Iba1 confirmed the ability of Pexidartinib to ablate microglia in specific regions of the brain, and qPCR quantification of microglial markers Iba1, CD68, and CD11b from hippocampal mRNA further supported this finding.
In accordance with several murine models of CIP, 31, 35, 41 IF inoculation of 4T1 murine mammary carcinoma cells produced dramatic and lasting nociceptive behaviors, while SC inoculation of the same cells did not yield nociception, as assessed by current behavioral assays, suggesting that the host tissue, rather than the mere presence of peripheral tumor, is intimately involved in the development of pain behaviors. It should be noted that the current behavioral assays selected to quantify nociceptive behaviors primarily examine hind limb nociception, as measured by limb use, paw withdrawal, and limb guarding. As such, SC tumor-bearing mice may have experienced nociception beyond that measured, as skin is highly innervated, and SC tumors were administered directly under the skin. Inhibition of microglia with Pexidartinib delayed the onset and severity of sustained nociceptive behaviors in IF tumorbearing mice, adding to the body of literature that implicates microglia in the pain state associated with bone metastasis. 27, 28, 30, [42] [43] [44] This is the first study to demonstrate inhibition of CIP by targeting CSF1R. Given that this model utilized breast cancer cells to establish IF and SC tumors, only female mice were used in an effort to translate to a clinically relevant population. However, previous studies have established an immune cell-related sexual dimorphism, such that spinal microglia were required for the development of neuropathic Figure 10 Peripheral tumors alter select hippocampal mRna. Notes: secondary mRna targets are affected by iF and sc tumors (glutamate ionotropic receptor nMDa type subunit 2c, grin2c; glutamate ionotropic receptor aMPa type subunit 4, gria4; colony stimulating factor 3 receptor, csF3r; gamma-aminobutyric acid type a receptor alpha 3 subunit, gabra3; transglutaminase 2, Tgm2; glutamate metabotropic receptor 4, grm4; gamma-aminobutyric acid type a receptor delta subunit, gaBRD; 5-hydroxytryptamine type 2c receptor, htr2c). Bars represent the mean of three or four biological replicates as a fold change relative to sham (n=1), with error bars indicating seM. Abbreviations: iF, intrafemoral; sc, subcutaneous; seM, standard error of mean. 
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Hippocampal microglial activation appeared highly correlated to the development of IF and SC tumors, with the effect being particularly pronounced in IF tumor-bearing mice. Temporal increases in nociceptive behaviors in IF tumor-bearing mice roughly mirrored microglial activation in hippocampal regions, with peak microglial activation occurring on day 15 post tumor cell inoculation, and morphological changes present as early as day 5 following tumor inoculation. Thus, microglial processes appeared retracted (see Figure 4A ,B for representative instances), and fluorescent staining of Iba1 appeared brighter as tumors progressed, indicative of increased microglial activation. 46 Interestingly, microglial activation in the dorsal horn of the spinal cord has been shown to peak 2 weeks following induction of bone cancer pain in a rat model, 27 and a study assessing the effects of colon carcinoma cell-induced peripheral tumor demonstrated hippocampal dysfunction, including such affective measures as memory impairment and depression-like behaviors. 47 To our knowledge, this is the first study that illustrates the relationship between hippocampal microglia and CIP.
Our lab previously demonstrated overlap in hippocampal mRNA changes within validated murine models of a classic depressive-like state and CID. 19, 20 Analysis of hippocampal mRNA from the present model of CIP demonstrated considerable overlap of select mRNA targets with that of mice from models of both corticosterone-and cancer-induced depressive states, 20 including cell signaling and neurotransmission modulators present on microglia.
In the present study, qPCR results demonstrated a dramatic increase in multiple microglial markers in IF tumorbearing mice relative to sham controls. It has been suggested that Iba1 is the most suitable early activation marker in considering morphological fluctuations in microglia, as Iba1 staining is inclusive of slender protrusions of ramified microglia, while CD68 and CD11b are widely expressed across various activation stages. 46 Several other hippocampal factors were affected by IF and SC tumor, including TLR2 and IL-1β, both of which appeared to increase in mice with IF, but not SC tumor. mRNA levels of the immediate early gene c-Fos were also affected by the presence of tumor, such that IF tumor, and to a lesser extent, SC tumor, were associated with lower hippocampal c-Fos expression, a marginal effect which was mitigated by microglial inhibition.
Hippocampal abnormalities, including decreased hippocampal volume, are demonstrated in clinical cases of depression, 48 and comorbidity between chronic pain and depression has been repeatedly established. [49] [50] [51] [52] [53] One way by which hippocampal volume may be decreased in cases of pain or depression is via nerve death from excitotoxic factors secreted by microglia. That is, in pathological conditions, the state of chronically activated microglia switches from characteristically neuroprotective to neurotoxic (reviewed in Block et al 54 ). Indeed, hippocampal expression of the c-Fos protein, a marker of functional neural activity, is dramatically reduced in CA1, CA3, and DG regions of the hippocampus in a formalin-induced model of inflammatory pain, corresponding to increased nociceptive behaviors. 8 Immunofluorescent co-staining of c-Fos and Iba1 from the present study and a trend toward changes at the mRNA level of hippocampal c-Fos are in line with this, suggesting that parallel mechanisms may mediate these pain states.
The present study adds to a growing body of literature that implicates the hippocampus in the nociceptive and affective dimensions of pain. In clinical observation, electrical stimulation of the hippocampus has been shown to evoke painful sensations in humans, 55 and micro-injection of the local anesthetic lidocaine into the DG mitigates formalininduced nociception in rats. 9 Furthermore, when injected into DG and CA1 regions, the competitive and noncompetitive NMDA receptor antagonists AP5 and MK801 reduce acute and persistent nociceptive behaviors in a model of chronic pain. 10, 11 One means by which hippocampal microglia may contribute to nociception is through the secretion of cytotoxic levels of glutamate, which are known to be released by microglia during states of chronic activation. 56, 57 Microglia are heterogeneously distributed within the adult mouse brain, with particular density in hippocampal regions, 40 and the hippocampus modulates affective and motivational properties of the nucleus accumbens and forebrain through glutamatergic inputs (reviewed in Fasick et al and Neugebauer 15, 58 ). Future studies may further explore these pathways and their relationship to glutamate-mediated CIP.
In the present study, ablating microglia delayed the onset and severity of IF cancer-induced nociceptive behaviors. Furthermore, tumor-induced nociceptive behaviors appeared to progress in parallel with microglial activation in the DG and CA1 regions of the hippocampus, adding to the body of literature that implicates the hippocampus in the development and maintenance of CIP, and implicating hippocampal microglia in this response. Cumulatively, this is the first experimental evidence that demonstrates the effects of peripheral tumor on hippocampal microglial activation in relation to cancer-related nociception in female mice. However, it is important to appreciate the limitations of this study; we recognize that several other potential mechanisms may be driving CIP, including spinal and non-hippocampal brain microglia, and we suggest that hippocampal microglia may be one contributing factor to this pain state.
Conclusion
The increase in hippocampal microglia observed in the present study may reflect the emotional and cognitive problems reported by patients with CIP. Given the complexity of CIP and comorbidity between chronic pain conditions and mood disorders, it is essential to consider pathways implicated in the cognitive and affective aspects of pain processing in parallel with ascending and descending sensory pathways in the development of CIP therapeutics.
